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Abstract: Reaction pathways are presented for hydrogen-mediated isomerization of a five and six 
member carbon ring complex on the zigzag edge of a graphene layer.  A new reaction sequence that 
reverses orientation of the ring complex, or “flips” it, was identified.  Competition between the flip 
reaction and “ring separation” was examined.  Ring separation is the reverse of the five and six member 
ring complex formation reaction, previously reported as “ring collision.”  The elementary steps of the 
pathways were analyzed using density-functional theory (DFT).  Rate coefficients were obtained by 
solution of the energy master equation and classical transition state theory utilizing the DFT energies, 
frequencies, and geometries.  The results indicate that the flip reaction pathway dominates the 
separation reaction and should be competitive with other pathways important to the graphene zigzag 
edge growth in high temperature environments. 
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I. Introduction. Graphene has recently received much attention for its novel properties1-7 and 
applications8-10 owing to its recent synthesis as a single-atom thick crystal on substrates1 and more 
recently in the free state.11  However, even before the realization of single layer graphene in the 
laboratory, interest in understanding aromatic edge chemistry, and hence graphene chemistry, has 
existed because of the possible application of such knowledge to carbonaceous materials such as 
pyrolytic graphite, fullerenes, nanotubes, interstellar dust, large polycyclic aromatic hydrocarbons 
(PAH), carbon black, and combustion soot. 
Mechanistically, the H-abstraction/C2H2-addition (HACA) model
12-14 has played a key role in 
understanding the growth of both PAH and soot in combustion environments.  The HACA model is 
based on a repetitive reaction sequence of two principle steps: abstraction of a hydrogen atom from the 
aromatic edge by a gaseous hydrogen atom, followed by addition of gaseous acetylene molecule, the 
most abundant product in high-temperature environments, to the formed surface radical site.  Early 
application of this model to soot surface reactions15 focused on the armchair edge where the edge 
propagates by repeated formation of six-member rings.  Subsequent studies pointed to the possible 
importance of zigzag edge growth, formation of five-member rings, and their migration along the 
zigzag edge16,17 
 
H
.  (1) 
The overall migration transformation, (1), consists of a series of unimolecular reactions of the 
chemisorbed C2H2 surface moiety mediated by hydrogen atoms.  It was found that surface activation by 
hydrogen addition rather than abstraction provides a faster route for the migration isomerization.17  The 
new migration phenomenon alters significantly the framework for surface chemistry of graphene layer, 
and introduces a large number of possible elementary reaction steps that can take place on an evolving 
surface.  One such example is the “collision” of migrating rings examined in our prior study,18 which 
results in the following overall transformation, 
 
H
. (2) 
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Like the migration reaction, this transformation is initiated by hydrogen addition.  Reaction rates of 
pathway (2) were found to be comparable to those of the migration reaction, (1). 
In considering the fate of the five and six member ring complex produced by the collision reaction, 
the product of reaction 2, we have identified a new reaction possibility, in which the two surface rings 
reverse orientation, or “flip,” 
 
H
. (3) 
We report two pathways for this flip rearrangement, one initiated by hydrogen-atom addition and 
another by hydrogen-atom abstraction.  The flip reaction competes directly with the reverse of the 
collision reaction, which we term “ring separation.”  Here we present results of quantum-chemical and 
reaction rate analyses of these two competing reactions.  We also re-evaluate the rate of the collision 
reaction based on new quantum-chemical results.  Finally, we evaluate the relative roles of these 
reactions in the framework of graphene layer chemistry. 
II. Computational Details.  Density functional theory (DFT) was used to calculate the molecular and 
energetic parameters of all stable species and transition states involved in the ring flip reaction 
sequences.  Our process for identifying and characterizing species is similar to that employed previously 
for the collision reaction pathway.18  Geometry optimizations were performed with the B3LYP hybrid 
functional19 and the 6-311G(d,p) basis set.  Previous studies have shown energetic predictions of 
B3LYP calculations at the 6-311G(d,p) level to be in good agreement with experimental and high-level 
ab initio results for stable species.20-22  The energies of transition states predicted by this method, 
however, are often underestimated by about 5 kcal mol-1.23,24  This shortcoming lessens the accuracy of 
rate coefficients derived from the calculated energetics yet allows for an order-of-magnitude analysis, 
thus satisfying the objective of the present study.  The substrate used for the calculations is tetracene, 
the smallest linear aromatic molecule (oligoacene) on which the collision reaction, (2), can occur, thus 
minimizing the computational expense of the quantum-chemical calculations. 
Force calculations were performed at each predicted stationary point to confirm the point to be an 
energetic minimum (no imaginary frequencies) or a saddle point (one imaginary frequency).  Transition 
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states were confirmed to connect the reactant and product stable species by visual inspection of normal 
modes corresponding to the imaginary frequencies calculated at the B3LYP/6-311G(d,p) level and by 
intrinsic reaction coordinate calculations at the B3LYP/3-21G level.  Zero-point energies were 
determined from the force calculations and scaled by a factor of 0.9668.25  All calculations were 
performed using the Gaussian 03 suite of codes26 on an Intel Xeon cluster. 
Chemical-activation and transition-state-theory rate coefficients for the reactions were determined 
using version 2.08 of the MultiWell suite of codes.27,28  MultiWell employs a stochastic approach to 
solution of the master equations for energy transfer in unimolecular reaction systems.27,29  
Microcanonical rate coefficients for the elementary reactions of these models were calculated with 
MultiWell at the RRKM level of theory. 
The key inputs to MultiWell—reaction barriers, frequencies, and moments of inertia—were assigned 
from the DFT calculations at the B3LYP/6-311G(d,p) level of the present study.  Following Gilbert and 
Smith30 the real frequencies below 150 cm–1 were examined by graphically visualizing the associated 
normal mode vibrations to identify internal rotational modes.  Only species already identified in our 
previous study on the collision pathway18 were found to exhibit internal rotations.  Some of those 
species were found to have both a 1D rotation and 2D precession rotation of a C2HX moiety.  For both 
rotations, we took the moment of inertia to be that of the 1D rotor and treated them as free rotations.  
Testing of this assumption18 showed the rate coefficient calculations to be independent of the treatment 
of these internal rotors for a wide variety of rotational models.  See the Supporting Information for 
internal rotor moments of inertia as well as other pertinent molecular parameters. 
The sums and densities of states for intermediate species and transition states were determined by 
exact count with a grain size of 10 cm–1, maximum energy of 500,000 cm–1, and the dividing level 
between the high and low energy regimes set at 2500 cm–1.  Lennard-Jones parameters for the reactants 
and intermediates were taken from an empirical correlation.31  Argon was chosen as the bath gas 
collider.  The collisional energy transfer was treated by the exponential-down model with 〈Edown〉 = 260 
cm–1 based on the data of Hippler et al.32 
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MultiWell simulations were performed for temperatures ranging from 1500 to 2500 K and pressures 
from 0.1 to 10 atm.  The numerical runs were carried out for reaction times ranging from 1×10-11 to 
1×10-2 s.  For each set of conditions, between 106 and 107 stochastic trials were performed to maintain 
statistical error in species fractions used to derive rate coefficients of less than 10 %. 
III. Results and Discussion.   
Potential Energy Calculations.  Our potential energy surface (PES) calculations revealed two 
pathways for the ring flip reaction, (3).  The first possibility is one initiated by hydrogen abstraction 
from the reactant molecule whose PES is shown in Figure 1. 
The other flip reaction pathway we have identified is initiated by hydrogen addition to the reactant 
molecule.  This pathway turned out to be much slower than the abstraction pathway.  However, because 
of its overlap with the collision reaction pathway, we included the new species in the calculations of 
rate coefficients for the collision and separation reactions.  The combined PES for the collision reaction 
and the flip pathway initiated by hydrogen addition is shown in Figure 2.  The two gray dots on species 
20 indicate a single de-localized un-paired electron.  Species 8 through 16 and transitions connecting 
them (except the transition state connecting species 14 and 15) comprise the mechanism for collision 
that was examined in our previous work18 and the numbering of species remains consistent.  Species 9 
through 15, 14, 20, 21 and 21 are all isomers of the C22H13 radical and, along with the transition states 
that connect them, make up a unimolecular reaction system connecting the various product sets, namely 
8, 16, 16, 17, and 18.  We were unable to locate transition states connecting species 21 to 16 and 21 to 
16 because of the flat shape of the PES in the region between them.  Molecular parameters for these 
transition states were taken from the similar transitions, 14–16 and 14–16. 
Reaction Rates.  The reaction system 16 + H  19 + H2  19 + H2  16 + H is depicted in Figure 1.  It 
was modeled as a three step process: (a) bimolecular reaction forming 19 by hydrogen abstraction from 
16, (b) unimolecular transformation of the radical intermediate, 19 → 19´, and (c) bimolecular reaction 
of 19´ with H2 to form 16´.  The rate of the unimolecular transformation, step b, was found to be on the 
order of 1010–1011 s-1 between 1500 and 2500 K.  Considering that the rate of abstraction, step a, is on 
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the order of 1012–1013 [H] cm3 mol-1 s-1 for the same temperature range, the abstraction step will be rate 
determining even for very large mole fractions of hydrogen atom.  As a result, fast interconversion will 
create partial equilibrium between species 19 and 19´.  The radical can then react with H2 either back to 
the initial species, 16, or forward to the flipped species, 16´, with equal probability (for a symmetric 
substrate).  Therefore, the rate for the overall flip abstraction pathway can be assumed to be half of the 
hydrogen abstraction rate.  In Table 1 we present the rate coefficient for the H abstraction reaction and 
compare it and the corresponding equilibrium constant with those of hydrogen abstraction from 
benzene.15,33 
Reaction rate coefficients for the updated collision reaction, the separation reaction, and the flip 
reaction via the hydrogen addition route were calculated by a standard chemical-activation 
mechanism.30,34  Due to the presence of species with high energetic stability (50 kcal mol-1 or more) 
with respect to other species on the pathway, these reactions are slow to reach equilibrium.  At 1500 K, 
these reactions can take as long as 10 ms to fully react, and therefore the intermediates might react with 
gaseous species before unimolecular decomposition.  For instance, stable species 9, 15, 21, and 21 
could undergo hydrogen abstraction by gaseous radicals forming the same graphene product as would 
hydrogen elimination by unimolecular decomposition.  The slow time evolution of this system is 
exemplified in Figure 3 for the 8 + H  9  Products reaction at both 1500 and 2500 K. 
We used product species fractions from the fully evolved systems to calculate the chemical-activation 
rate coefficients for the reactions 8 + H  9  Products and 16 + H  14/15/21  Products, and these 
results are shown in Figures 4 and 5.  The difference between taking the fully equilibrated species 
fractions and those, say, at 10-6 s is only significant at lower temperatures, and even then the difference 
is no larger than a factor of 5 (Figure 3).  For the reaction originating from species 16 there are three 
inlet channels, 16 + H  14, 16 + H  15, and 16 + H  21, and the rate coefficients shown in Figure 5 for 
the overall reactions were calculated as the sum of the respective rate coefficients. 
The reported chemical-activation rate coefficients are for pressures of 1 atm.  No measurable 
deviations in the calculated rate coefficients were obtained with changing pressure from 0.1 to 10 atm.  
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For a few of the reaction channels we were unable to calculate species fractions with meaningful 
statistical accuracy at 1500 K, due to computational expense or limitations of the stochastic code, and 
hence these data points are missing in Figures 4-6.  The recomputed rate coefficient for the collision 
reaction is decreased from that previously reported18 by a factor of about 1.5 at 1500 K and 3 at 2500 K, 
which is mainly due to the inclusion of products 17 and 18 as competing channels but not due to the 
addition of the flip reaction channel species. 
Finally, we compare the overall rate coefficients for migration, collision, separation, and the flip 
reaction in Figure 6.  Inspection of the results indicates that the rate of the flip reaction is on the same 
order of magnitude and faster than those for the collision and migration reactions and dominates the 
ring separation reaction.  This fast reaction rate means that in evolving graphene layers flipping of the 
complex formed by the collision reaction will occur much more rapidly than the ring separation reaction 
and on the same time scale and faster than collision and migration, which have been previously reported 
as predominant reactions on the zigzag edge.17,18 
IV. Conclusions.  A new reaction pathway was identified, which reverses orientation of the five and 
six member carbon ring complex on a graphene zigzag edge, a “flip” transformation.  The analysis of 
the flip reaction indicates that it occurs with rates comparable to and exceeding those of the migration 
and collision reactions, with the latter reactions suggested to play an important role in graphene zigzag 
edge chemistry in high-temperature environments.18  In addition, the flip reaction is orders of magnitude 
faster than the ring separation reaction, with which it directly competes. 
The new reaction adds an important step in graphene layer growth.  Among other things, it suggests 
the possibility of a five member ring traveling through a row of six member rings such as,  
. (4) 
The rate of such reactions will influence the number and location of five member rings which are 
incorporated into growing graphene layers and hence will significantly affect the resulting morphology. 
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Tables. 
 
Table 1. Comparison of equilibrium constant (Keq) and rate coefficient (k) of H-abstraction reactions for 
benzene (per site)15,33 and for species 16 (using TST) 
 
+  H +  H2
k
  +  H +  H2
k
 
T, K 
 Keq k,cm
3 mol-1 s-1  Keq k,cm
3 mol-1 s-1 
1500  1.29 1.95×1011  3.06 3.80×1012 
1750  1.66 4.20×1011  3.64 7.85×1012 
2000  1.97 7.46×1011  4.07 1.39×1013 
2250  2.23 1.17×1012  4.38 2.23×1013 
2500  2.44 1.67×1012  4.58 3.31×1013 
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Figure Captions. 
 
Figure 1. Potential energy diagram for the flip reaction by H abstraction route calculated at the 
B3LYP/6-311G(d,p) level of quantum theory. 
Figure 2. Potential energy diagram for the combined collision reaction and flip reaction by H addition 
route calculated at the B3LYP/6-311G(d,p) level of quantum theory. 
Figure 3. Species fractions as a function of reaction time for chemical-activation reaction 8 +H  9  
Products at 1 atm and (a) 1500 K and (b) 2500 K. 
Figure 4. Rate coefficients for chemical-activation reaction 8 + H  9  Products as a function of inverse 
temperature at 1 atm. 
Figure 5. Rate coefficients for chemical-activation reaction 16 + H  14/15/21  Products as a function 
of inverse temperature at 1 atm.  
Figure 6. Comparison of rate coefficients of the flip (both the addition and abstraction channels), 
collision, separation, and migration18 reactions.  
 
 
  
13
Figures. 
16
H2 +H +260
250
240
230
o
∆ fH
(0
 K
)
(k
ca
l/m
ol
)
270
H2 + H +
19 19′ 16′
H2 +
290
280
 
Figure 1. Potential energy diagram for the flip reaction by H abstraction route calculated at the 
B3LYP/6-311G(d,p) level of quantum theory. 
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Figure 2. Potential energy diagram for the combined collision reaction and flip reaction by H addition 
route calculated at the B3LYP/6-311G(d,p) level of quantum theory. 
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Figure 3. Species fractions as a function of reaction time for chemical-activation reaction 8 +H  9  
Products at 1 atm and (a) 1500 K and (b) 2500 K. 
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Figure 4. Rate coefficients for chemical-activation reaction 8 + H  9  Products as a function of inverse 
temperature at 1 atm. 
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Figure 5. Rate coefficients for chemical-activation reaction 16 + H  14/15/21  Products as a function 
of inverse temperature at 1 atm.  
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Figure 6. Comparison of rate coefficients of the flip (both the addition and abstraction channels), 
collision, separation, and migration18 reactions.  
 
 
